Abstract-This paper proposes the use of a resonant pole inverter (RPI) as the control circuit to drive the data electrodes of an ac plasma display panel (PDP). This new application of RPI simplifies the circuit design by using fewer components, and has lower power losses than conventional driver circuits. The circuit employs two resonant MOSFETs and zero-voltage-switching technique to generate an asymmetric pulse train with moderate rising and falling time to drive the data electrodes of a PDP. The circuit also recovers the reactive energy from the PDP, like conventional energy recovery circuits. Power losses are further reduced by adding a dc offset voltage to the pulse train. The power consumptions of different driving circuits are assessed. The proposed circuit is tested on a dual-scan 42-in SVGA ac plasma display panel and is found to be practical.
I. INTRODUCTION
T HE concept of a resonant pole inverter (RPI) [1] is based on a free-running resonant current, which is widely used on power transfer circuits and other applications [2] . This paper investigates the use of the RPI as a control circuit to drive the data electrodes of an ac plasma display panel (PDP).
The ac plasma display is highly promising for large-screen flat panel displays, and is now widespread in wall-mounted display systems and televisions. The ac plasma display consists of two parallel plates of glass, each containing parallel electrodes, with the electrodes on one plate being oriented perpendicular to those on the other, as shown in Fig. 1 [3] , [4] . Two arrays of sustain electrodes are lined up in parallel on the front plate. These electrodes are generally called sustain electrodes " " and " ," and serve to supply the sustain pulses to light the plasma cells during the sustain period. The electrodes lined up perpendicularly to electrodes and on the bottom plate are called data electrodes or electrodes " ," which supply data pulses to write the pixels during the address period. The space between two glass plates is filled with a mixture of noble gases Xe in Ne, in which the plasma is formed.
To light a PDP, a video frame is normally divided into several subfields, each consisting of reset, erase, address, and sustain periods as shown in Fig. 2 (a) [3] - [5] . The waveform used to drive an ac PDP is illustrated in Fig. 2 high-voltage pulses to drive the electrodes , , and inside two glass plates. During the reset period, a high-voltage priming pulse is applied to the electrode to discharge every cell in the panel. Meanwhile, during the erase period, a slow ramping pulse is applied to the electrodes, causing the charge particles to recombine smoothly. After the erase period, the residual charge in the panel is uniformly distributed. The video data are written during the address period. To write data into a PDP cell, electrode is fixed to voltage (70 V), and the electrode drives a scan pulse of voltage 150 V , along each line in sequence. For each scan line, all electrodes simultaneously provide high voltage (light) or 0 V (dark) to each cell according to the video data. Within the scan pulse, the plasma cells in the selected line are written and marked as light or dark. The writing sequence is then repeated on the next scan line, until every line of the PDP has been addressed. During the subsequent sustain period, the sustain pulses are once again applied between electrodes and to discharge the light cells. The gas atoms or molecules emit ultraviolet (UV) light as they decay from an excited energy state into a lower atomic or molecular state. The UV light is used to stimulate the red, green, and blue phosphors on top of the data electrodes. The phosphors transfer the UV light into red, green, and blue light and, thus, become visible.
PDP electrodes are long strip metal lines, driven from one side and open without termination at the other end. The function of the electrodes is similar to that of antennas in emitting electromagnetic waves. The waveform that drives data electrodes during the address period is designed in pulse train , shown in Fig. 2(b) , to reduce this noise. The rising and falling time of the pulses must be moderated to avoid the noise radiation [6] . Fig. 3 (a) depicts a typical RC delay circuit to generate the pulse train with a moderate rising and falling time [ Fig. 3(b) ].
denotes the equivalent voltage source of and . The PDP is modeled as an equivalent capacitor in the circuits [7] . The capacitance of depends on the video image and varies according to the number of lighting cells on the PDP. A data driver IC is inserted between the driver circuit and of the PDP.
is shorted to if the cell is to be lit, otherwise, is shorted to 0 V if the cell is to be dark.
During the charging and discharging transients, the energy consumed by the circuit in each pulse is . One pulse drives a single scan line. For a pulse with frequency , the total power consumed is . A 3-s 60-V pulse to drive the PDP with an average data capacitance of 40 nF dissipates 48 W in the driver circuit, which is around 20% of the total power consumed by a 42-in PDP. Meanwhile, switching losses occur when the transistors of the circuit are switched. Reducing the number of switching elements and adapting the zero voltage switching technique can minimize the switching loss. The energy recovery driver had been used to recover the reactive power from PDP on the sustain electrodes and [3] , [8] - [10] and the data electrodes [11] . The RPI is a highefficiency approach for high-power applications. It operates under resonant and zero-voltage-switching (ZVS) condition. The power loss is almost nil when the resonant current flows steadily. The RPI with two switching elements is introduced in this work as a simple and efficient driver circuit for the PDP data electrodes. Furthermore, the firing characteristic of the PDP allows us to reduce the power consumption by adding a dc offset voltage to the pulse train which brings down the voltage swing.
The prior driver circuit is introduced in Section II. Section III outlines the operation characteristics of the RPI with the PDP. Section IV shows the experimental results. Section V discusses the results, and the power consumptions of several driver circuits are compared.
II. PRIOR DRIVER CIRCUIT
Several data driver circuits have been used in a commercial PDP. The energy recovery circuit and offset RC circuit are two typical prior driver circuits, which are discussed and compared with the proposed offset RPI circuit in Sections III-V.
A. Energy Recovery Circuit
The energy recovery circuit is commonly used to drive the and electrodes. Much research has been done to improve its efficiency [3] , [8] - [10] . It is able to drive the electrodes as well. The energy recovery circuit employs an inductor to resonate with , as shown in Fig. 4 . The MOSFET is used to clamp voltage on to , and is used to pull down to ground. Four MOSFETs must be controlled with the correct timing to recover the reactive power from the PDP. The time constant of the resonant circuit varies with the number of lighting cell. One fixed control signal cannot recover all of the reactive power. Fig. 4(b) shows a control signal with improper resonant timing, causing a voltage discontinuity in the output waveform, and consequent switching losses.
B. Offset RC Circuit
The inserted driver ICs can divide the voltage swing of into two parts. The driver circuit provides half of the voltage swing, and another half performed by the driver ICs. Fig. 5 presents a typical circuit that operates with just half of the data voltage, or . When MOSFET is switched on at , and the capacitor is charged through and to the voltage , the output voltage is maintained at through . When is switched off and is on at , the output voltage is bootstrapped by the supply voltage, , to reach . This circuit halves the voltage swing of , but the MOSFETs are not switched under ZVS. As the charge current flowing through the resistor will generate heat, a high-wattage resistor must be adopted in this circuit. This approach achieves a partial reduction of switching losses.
III. PROPOSED OFFSET RPI CIRCUIT
The RPI is proposed as a control circuit to generate the offset pulses for the data electrode as presented in Fig. 6(a) . The RPI circuit employs two power MOSFETs and as active switches. The diodes and are intrinsic body diodes of and . Meanwhile, the inductor combines with the capacitance of the PDP to form the resonant circuit. The resonant current flows back and forth between the inductor, the PDP, and the power supply, and so does the reactive power. The filter capacitor is used to block the dc current flowing through the inductor . Because the current path contains no resistor, and no hard switching loss occurs in the MOSFET, power consumption is significantly decreased. Meanwhile, the RPI circuit can automatically vary its rising and falling time of the output pulse according to the capacitance variation of , and all of the reactive power can be recovered from the PDP by a fixed control signal.
Applying a dc offset voltage to the source of MOSFET , the waveform of swings between and as shown in Fig. 6(b) . For ease of explanation, an operation period is divided into six time intervals from to . Time is defined as the time at which the MOSFET is switched off when the output voltage is 0 V. A current flows through the inductor and capacitor . If is sufficiently large, the voltage across it remains constant.
A. Between the and Time Points
The is switched off at time , and the current continuously flows through the inductor and the capacitor as shown in Fig. 6(b) . The differential equation describing this phenomenon is (time )
where denotes the total capacitance of the PDP and the parasitic drain-to-source capacitance of both MOSFET and . is the parasitic serial resistance of the inductor. By using high-quality inductor, the magnitude of is relatively small and can be neglected in the analysis.
Solving (1) under the initial conditions ,
where is the angular frequency, is the characteristic impedance of the resonant circuit, and denotes the inductor current. The voltage rises from according to (2) , and reaches the supply voltage at time .
B. At the Time Point
After time , the diode is forward biased, and the drain-to-source voltage of MOSFET becomes zero. The MOSFET is switched on at time without interrupting the circuit operation.
is switched off at time .
C. Between the and Time Points
In this time period, the voltage of is tied to voltage source through and , while the voltage of inductor is maintained at . The inductor current changes at a constant slew rate as indicated by (4) (4) where is the inductor current at time , calculated by substituting into (3). Starting from time , the inductor current decreases linearly in magnitude, crosses 0 A, and then increases in magnitude in the reverse direction. MOSFET should be turned on before decreases to 0 A to provide a short path for the resonant current continuously flowing in the reverse direction.
D. Between the and Time Points
At time , MOSFET is switched off. The resonant circuit resembles that at time , but with the currents flowing in the reverse direction. The voltage begins to decrease from , and reaches at time . Meanwhile, the drain to source voltage of becomes zero and is ready to switch on. After time , is tied at through and , causing the voltage across the inductor to be fixed at -. Meanwhile, the inductor current flows through and , and decreases in magnitude at a rate of -. It continuously decreases to 0 A and reaches at time to finish one complete cycle. should be switched on before decreases to 0 A to maintain the resonant current to continuously flow in the reverse direction.
The offset voltage shores up the swing in between and . The resonant inductor current is also reduced compared with the full voltage swing in the RPI circuit.
E. Design Considerations
The values of and are determined by the duty cycle of the output voltage. These value are estimated from the waveform of Fig. 6(b) as (5) For the special case and 50% duty cycle, the offset RPI circuit operates at , and (6) Equation (6) is used to estimate the maximum current flow in the inductor.
IV. EXPERIMENTAL RESULTS
The offset RPI circuit is tested using a dual-scan 42-in SVGA ac PDP. One set circuit can drive a quarter of the panel (1200 data lines). Power MOSFETs are used for (PMOS) and (NMOS). Meanwhile, the filter capacitance is 2 F, which is sufficiently large to maintain the voltage nearly constant. The inductor is made by copper wire wound around a ferrite core to provide 6 H to limit the inductor current swing within 2 A. The serial resistance of the inductor is about 2 m . Fig. 7 shows the experimental circuit connection. The resistors , and the capacitors , form a voltage divider to provide . Meanwhile, as this resonant driver circuit operates only in the address period of each subfield, both MOSFETs must be turned off when the circuit is shut down in the sustain, reset, and erase periods [as shown in Fig. 2(a) ]. The and pairs block the dc current and provide only differential signals to maintain the MOSFETs in the normally off state. A tri-capacitor model represents the PDP which is equivalent to and are driven by the energy recovery driver circuit from the sustain circuit board. The components used are listed in Table I . Fig. 8(a) shows the measured waveform to drive the black screen, which means none of the PDP cell is lighted. Inductor and the parasitic capacitance of the MOSFETs forms the resonant circuit. The rising time and falling time of are about 150 ns in this case. Fig. 8(b) is measured with white screen, all of the PDP cells are lighted, and becomes large and significant. The rising time and falling time of become 600 ns in this case. It reveals that, with the same control signal, the RPI circuit can automatically adjust the rising and falling time to ensure that the resonant current continuously flows in the proper directions.
Unlike the free-running resonant power transfer inverters, the driver circuit must be able to start and stop the resonant operation immediately after receiving the control signals. Fig. 9(a) illustrates the time required to initiate the RPI circuit from standby to the resonant operation at the end of the erase period and the beginning of the address period. The transient inductor current charges the filter capacitor to its final voltage , and reaches steady state in about seven cycles. The output voltage swing of has ripples for five cycles. The software can skip these unstable cycles if necessary. The experimental waveform proved that no misfiring occurs on the PDP cells with the experimental circuit. Fig. 9 (b) depicts the waveform required to stop the resonant current at the end of the address period. Both MOSFETs are switched off. The inductor current resonates with the parasitic capacitance of the circuit and its energy is dissipated into heat through the parasitic resistance. Meanwhile, in the PDP driving waveform, the voltage outside of the address period is left floating. Thus, during the sustain period, the sustain pulses from electrodes and induce a voltage and current swing on the floating point , which does not influence the operation of the PDP during the sustain period. the RC delay-type circuits. The offset pulses halve the voltage swing, reducing the inductor current and the switching loss in the transistors.
The RC-type circuits have to use a high-wattage resistor to dissipate the heat generated. Investigating the commercial PDP products, the RC delay circuit has to use an 11-16-W resistor to drive a 42-in PDP, and the offset RC circuit uses an 18-4-W resister to drive a 50-in PDP. The energy recovery circuit consumes power on the switching loss of the MOSFETs, and is adopted on a variety of PDP products.
V. DISCUSSION
The proposed offset RPI circuit can reduce switching losses, and recover the reactive power from the PDP. The operation current of the inductor is reduced, and the conductive losses of the parasitic resistance are improved. The RPI circuit spends very little power when it is free running in steady state; it dissipates most of the power during setup and shutdown. The efficiency is higher than that of the other approaches mentioned. The comparisons are discussed below.
A. Comparison With RC Delay Type Circuits
The RC delay-type circuits suffer switching losses and conduction losses in every operation cycle. Neither setup nor shutdown procedures are required. The total power consumption is proportional to the number of pulses, which equals the number of scan lines per subfield. The offset RPI circuit consumes power to set up and to shut down. The efficiency of the circuit improves with the number of scan lines per subfield, improving its value as a solution for a high-resolution PDP.
B. Comparison With Energy Recovery Circuit
Both the RPI and the energy recovery circuit operate by resonant current. The energy recovery circuit employs four MOSFETs. Its control signals could not match the variation in capacitance variation of caused by different display images. The MOSFETs are not always under ZVS, and cause switching losses. The proposed offset RPI circuit employs only two MOSFETs and tolerates the variations in the rising and falling time of the waveform. Therefore, the MOSFETs always operate under ZVS.
C. Comparison With Full Voltage Swing Circuit
The firing characteristic of the PDP allows the offset pulses to drive the data electrodes. The offset RC and offset RPI circuits reduce the voltage swing and, thus, the switching losses; the resonant current is smaller than for the full-swing-type circuits, such that power losses are reduced. Fig. 10 shows that the offset circuits consume less power than full-swing circuits. The hard-switched RC circuits consume more power than resonant-type circuits. The offset RPI is shown to be the simplest and most efficient driver circuit of the four.
VI. CONCLUSION
RPI is based on a free-running, resonant current, and is generally used on power transfer circuits. The present study employs an RPI circuit to generate offset pulse train and drive the data electrode of a PDP during the address period. Experimental results verify that the rising and falling time of the output waveform are automatically varied with the image displayed on the screen. The above comparison reveals that the proposed offset RPI circuit outperforms conventional circuits. It eliminates switching loss, consumes less power, and uses fewer components than conventional circuits, establishing it as a simple and efficient driver circuit. The circuit has been verified to work with a 42-in SVGA ac plasma display.
